Phosphatidylinositol 4-phosphate (PI4P) is well known to be upregulated during hepatitis C virus (HCV) replication. The role of PI4 kinases in HCV has been extensively investigated. Whether the PI4P phosphatase Sac1 is altered by HCV remains unclear. Here, we identified ARFGAP1 to be a novel host factor for HCV replication. We further show that Sac1 interacts with ARFGAP1 and inhibits HCV replication. The elevation of PI4P induced by HCV NS5A is abrogated when the coatomer protein I (COPI) pathway is inhibited. We also found an interaction between NS5A and ARFGAP1. Furthermore, we identified a conserved cluster of positively charged amino acids in NS5A critical for interaction between NS5A and ARFGAP1, induction of PI4P, and HCV replication. Our data demonstrate that ARFGAP1 is a host factor for HCV RNA replication. ARFGAP1 is hijacked by HCV NS5A to remove COPI cargo Sac1 from the site of HCV replication to maintain high levels of PI4P. Our findings provide an additional mechanism by which HCV enhances formation of a PI4P-rich environment.
H
epatitis C virus (HCV) is a major cause of chronic liver disease, including chronic hepatitis, cirrhosis, and hepatocellular carcinoma, infecting about 170 million people worldwide (1) . Treatment of patients with a combination of pegylated interferon and ribavirin produces only a sustained virological response in about 50% of patients and often produces serious side effects. Direct translation of the HCV genome gives rise to a polyprotein precursor, which can be further processed by host and viral proteases into structural proteins and nonstructural proteins. Nonstructural proteins NS3, NS4A, NS4B, NS5A, and NS5B are necessary and sufficient for RNA replication (2) .
A hallmark of HCV replication is the formation of a membranous web which is induced mainly by NS4B (3) . Recent studies have shown that NS5A plays an essential role for maintaining membranous web integrity by activating PI4 kinase type III alpha (PI4KA) to elevate phosphatidylinositol 4-phosphate (PI4P) during HCV infection (4) (5) (6) (7) (8) . Whether the host transport pathway is involved in the PI4P generation by NS5A is unknown.
Sac1 is the key phosphatase that dephosphorylates PI4P (9) . Previous work has suggested that Sac1 is a coatomer protein I (COPI) cargo which contains a KXKXX motif (10) . Key factors in the COPI pathway, including the coatomer, GBF1, and ARF1, have been identified as host factors for HCV replication (11) (12) (13) (14) . ARFGAP1 (the GTPase-activating protein for ARF1) plays a central role of cargo sorting in COPI transport (15) (16) (17) . It is unknown whether ARFGAP1 is involved in HCV replication. Moreover, the mechanism underlying the regulation of HCV infection by COPI has not been conclusively resolved.
In this study, we have found that ARFGAP1 plays a critical role in HCV replication. ARFGAP1 interacts with HCV protein NS5A. Moreover, we reveal a conserved cluster of positively charged amino acids in NS5A critical for its association with ARFGAP1. The elevated level of PI4P induced by NS5A is reduced when the COPI pathway is inhibited. Our findings provide an additional mechanism by which HCV enhances formation of a PI4P-rich environment.
MATERIALS AND METHODS
Cells, virus, and reagents. Huh 7.5.1 and 293T cells were grown in Dulbecco's modified Eagle's medium (DMEM; Thermo Scientific, Waltham, MA) supplemented with 10% fetal bovine serum (FBS; Thermo Scientific, Waltham, MA). Infectious JFH1 plasmid pJFH1 was obtained from Takaji Wakita (18) . Jc1FLAG2(p7-nsGluc2A) was from Charles Rice. The OR6 cell line, which harbors full-length genotype 1b HCV RNA and coexpresses Renilla luciferase, from Nobuyuki Kato and Masanori Ikeda, was grown in DMEM supplemented with 10% FBS and 500 g/ml of G418 (Promega, Madison, WI). QS11, Golgicide A (GCA), and brefeldin A (BFA) were obtained from Sigma Life Science and Biochemicals (St. Louis, MO).
Plasmids. The constructs Sac1-green fluorescent protein (GFP) and Sac1-FLAG were kindly provided by Peter Mayinger (Oregon Health and Science University). The Sac1C/S-GFP mutant was generated using the Stratagene mutagenesis kit by following the protocol with the following pair of primers: 5=-GTTCCGAAGCAATAGCATGGATTGTCTAG-3= (forward) and 5=-CTAGACAATCCATGCTATTGCTTCGGAAC-3= (reverse). Constructs encoding rat ARFGAP1 with glutathione S-transferase (GST) tag or with Myc tag were kindly provided by Victor W. Hsu (Harvard Medical School). Constructs encoding fragments of NS5A from JFH1 fused to GST were constructed into BamHI and EcoRI sites of pGEX4T-1. The PCR primers to subclone the fragments of NS5A were as follows: NS5A(35-215) forward primer, 5=-CGCGGATCCGCGCCCTT CATCTCTTG-3=; NS5A(35-215) reverse primer, 5=-CCGGAATTCCGG TCACGCCGCAGTCTCCGCCGTGATGT-3=; NS5A(353-444) forward primer, 5=-CGCGGATCGGCCAGACGCCGGACAGTG-3=; NS5A(353-444) reverse primer, 5=-CCGGAATTCCGGTCAGCAGCACACGGTGG-3=; NS5A(35-341) forward primer, 5=-CGCGGATCGGCCCCCTTCATC TCTTG-3=; NS5A(35-341) reverse primer, 5=-CCGGAATTCCGGTCAG GGGGAGAGCACAACCAGCAACG-3=. NS5A-FLAG containing the R/A mutation was generated using the Stratagene mutagenesis kit by following the protocol with the following pair of primers: 5=-CCGACGCCTCCCC CAGCAGCAGCAGCAACAGTGGGTCTGAGC-3= (forward) and 5=-GC TCAGACCCACTGTTGCTGCTGCTGCTGGGGGAGGCGTCGG-3= (reverse). NS5A-FLAG (containing the R/S mutation), pJFH1R/S (containing the R/S mutation in NS5A), and pJc1FLAG2(p7-nsGluc2A)R/S (containing the R/S mutation in NS5A) were generated using the Stratagene mutagenesis kit by following the protocol with the following pair of primers: 5=-CCGACGCCTCCCCCAAGTAGTAGCAGCACAGTGGGT CTGAGC-3= (forward) and 5=-GCTCAGACCCACTGTGCTGCTACTA CTTGGGGGAGGCGTCGG-3= (reverse).
Antibodies. The primary mouse antibodies included anti-HCV core (Affinity BioReagents Inc., Golden, CO), NS5A (ViroGen, Watertown, MA), NS3 (ViroGen, Watertown, MA), anti-actin (Sigma Life Science and Biochemicals, St. Louis, MO), anti-FLAG antibody (Sigma Chemical, St. Louis, MO), anti-Myc (Invitrogen, Carlsbad, CA), and anti-PI4P (Echelon Biosciences, Salk Lake City, UT). The primary rabbit antibodies included anti-ARFGAP1 antibody (Bethyl Laboratories, Inc., Montgomery, Canada), anti-FLAG (Cell Signaling Technology, Inc., Boston, MA), and anti-Sac1 (generated against the C-terminal tail of Sac1 [NGKDFVDAPR LVQKEKID] conjugated to keyhole limpet hemocyanin [KLH] ). Secondary antibodies included horseradish peroxidase (HRP)-conjugated ECL donkey anti-rabbit IgG, HRP-conjugated ECL sheep anti-mouse IgG (Amersham Biosciences, Piscataway, NJ), goat anti-mouse-Alexa Fluor 594, and goat anti-rabbit-Alexa Fluor 488 (Invitrogen, Carlsbad, CA).
Immunofluorescence microscopy. Immunofluorescence observed using Leica TCS SP5 microscopy (Germany) was performed as previously described (11) .
Protein interaction assays. Immunoprecipitation experiments and GST pulldown experiments were performed as previously described (19, 20) .
Knocked down by siRNA. The small interfering RNAs (siRNAs) were transfected into cells using Lipofectamine RNAiMAX transfection reagent (Invitrogen, Carlsbad, CA). Negative-control siRNA and the siRNAs used for ARFGAP1, ARFGAP2, ARFGAP3, and Sac1 knockdown were from GenePharma (China) and were as follows: ARFGAP1-1, 5=-ACAUUGAG CUUGAGAAGAU-3=; ARFGAP1-2, 5=-ACAGGAGAAGUACAACAGC AGA-3=; ARFGAP2, 5=-GGAGCAGGAAGUGUAUCUCUGTT-3=; ARF-GAP3, 5=-CCUAUGGAGUGUUCCUUUGTT-3=; Sac1, 5=-GGCGUGU UCCGAAGCAAUU-3= . The siRNAs used for GBF1 and ARF1 knockdown were from Dharmacon and were as follows: ARF1 Dharmacon D-011580-06 (5=-CGGCCGAGAUCACAGACAA-3=); GBF1 Dharmacon J-019783-06 (5=-CAACACACCUACUAUCUCU-3=).
qPCR. Quantitative PCR (qPCR) was performed as previously described (21) . Sequences of primers used in qPCR were as follows: the forward and reverse primers for JFH1 were 5=-TCTGCGGAACCGGTGA GTA-3= and 5=-TCAGGCAGTACCACAAGGC-3=; the forward and reverse primers for the negative strand of JFH1 were 5=-GGCCGTCATGG TGGCGAATAA-3= and 5=-CTCCCGGGGCACTCGCAAGC-3=; the forward and reverse primers for the positive strand of JFH1 were 5=-GTC TAGCCATGGCGTTAGTA-3= and 5=-CTCCCGGGGCACTCGCAAGC-3=; the forward and reverse primers for GAPDH were 5=-ACCTTCCCCA TGGTGTCTGA-3= and 5=-GCTCCTCCTGTTCGACAGTCA-3=; the forward and reverse primers for ARFGAP1 were 5=-GCGCATCCTCATT GCAG-3= and 5=-CTTCCTGGTTCTTGGGCTG-3=; the forward and reverse primers for Sac1 were 5=-CACATGGACGGTTTCCAAAGGCAT-3= and 5=-TTCCACTTCCCAAGGAAGACACCA-3=.
Statistics. Statistical analyses (see Fig. 1 to 7) were performed using a 2-tailed Student t test. Data represent the averages from at least three independent experiments Ϯ standard errors of the means (SEM), unless stated otherwise. NS, not significant; *, P Ͻ 0.05; **, P Ͻ 0.001; ***, P Ͻ 0.0001.
RESULTS
ARFGAP1 plays a critical role in HCV replication. Key components of the COPI transport pathway, including coatomer, GBF1, and ARF1, have been identified as host factors essential for HCV replication (11, 13, 14) . To investigate the functional role of ARFGAP1 in HCV replication, we suppressed ARFGAP1 in HCVinfected cells by QS11, an inhibitor selective for ARFGAP1 (22) . We first verified that QS11 at a concentration ranging from 2. (Fig. 1C) . To confirm the antiviral activity of QS11 in the HCV replication step, we used an HCV replicon OR6 expressing the Renilla luciferase reporter gene. As shown in Fig. 1D , QS11 inhibited HCV replication in OR6 cells. Together, these results show that the ARFGAP1 inhibitor QS11 has antiviral activity against HCV RNA replication.
Next, we employed the siRNA strategy to silence the gene expression of ARFGAP1. We found that siRNA-ARFGAP1 reduced the mRNA level of ARFGAP1 without affecting cell viability assessed by the cellular ATP levels ( Fig. 2A) . Treatment with siRNA-ARFGAP1 resulted in a decrease of the HCV RNA and a moderate decrease of HCV core protein ( Fig. 2A and B) . Knockdown of ARFGAP1 by siRNA also decreased the protein level of the core in OR6 cells (Fig. 2C) . We noticed that silencing ARFGAP1 marginally inhibited HCV replication, while QS11 inhibited HCV replication almost completely. In humans, three ARFGAPs (ARFGAP1, ARFGAP2, and ARFGAP3) are involved in COPI vesicle trafficking (23) . It is possible that ARFGAP2 and ARFGAP3 are inhibited by QS11. Indeed, we found that silencing all the ARFGAPs gave greater reduction of viral RNA replication than silencing ARFGAP1 alone (Fig. 2D ). Taken together, these data strongly suggest that ARFGAP1 is a host factor for HCV replication.
Next, we checked the localization and expression level of ARFGAP1 in cells infected with JFH1. As shown in Fig. 2E , upregulation of the PI4P level marked the JFH1 infection. The ARFGAP1 signal was changed dramatically from the usual perinuclear ribbon in uninfected cells to punctuate fragments dispersed throughout the cytoplasm in JFH1-infected cells (Fig. 2E ), though the Western blot signal of ARFGAP1 remained the same (Fig. 2F ).
Sac1 inhibited HCV replication. ARFGAP1 promotes cargo sorting during the formation of COPI vesicles (17) . The phosphatidylinositol phosphatase Sac1 recycles from the Golgi membrane to the endoplasmic reticulum (ER) by interacting with the COPI complex (10) . To test whether Sac1 also interacted with ARFGAP1 by coimmunoprecipitation assay, we generated a rabbit polyclonal antibody against the cytoplasmic tail of Sac1 (amino acids [aa] 570 to 587, NGKDFVDAPRLVQKEKID). Huh 7.5.1 cells were lysed, and the whole protein extracts were subjected to immunoprecipitation with antibody against Sac1. As shown in Fig.  3A , ARFGAP1 coimmunoprecipitated with Sac1 antibodies with higher efficiency compared to the IgG control. Likewise, Huh 7.5.1 cell extracts were subjected to immunoprecipitation with antibody against ARFGAP1. As shown in Fig. 3B , Sac1 coimmunoprecipitated with ARFGAP1 antibodies with higher efficiency than the IgG control. Taken together, these data suggest that Sac1 associates with ARFGAP1 in Huh 7.5.1 cells.
Previously, we showed that depletion of intracellular PI4P by overexpression of Sac1 reduced HCV replication by immunostaining for HCV core and NS5A proteins (11) . As shown in Fig. 3C , the level of core protein was significantly reduced in cells transfected with Sac1. To further demonstrate the antiviral role of Sac1, we knocked down the expression of Sac1 by siRNA. We verified that the protein level of Sac1 was reduced by siRNA (Fig. 3D) . We also verified the mRNA level of Sac1 was reduced by 85% in siRNA-treated cells as judged by qPCR (Fig. 3E) . Silencing Sac1 significantly increased the RNA level of HCV by 77% in infected cells without affecting cell viability assessed by the cellular ATP levels. These data suggest that Sac1 is a negative regulator of HCV replication.
In order to test whether the phosphatase activity of Sac1 is required for its anti-HCV effect, we generated the catalytically inactive mutant, Sac1C/S. As shown in Fig. 3F , expression of Sac1WT could inhibit HCV replication by 70%, while Sac1C/S enhanced HCV replication by 2.4-fold without affecting cell viability as assessed by the cellular ATP levels, suggesting that Sac1C/S plays a dominant negative role compared with Sac1WT. These data suggest that the phosphatase activity is required for the anti-HCV function of Sac1.
Previously, Sac1 has been suggested to be a COPI cargo, so we tested whether reduction of HCV replication by blocking the COPI pathway would be restored by Sac1 siRNA. We treated Huh 7.5.1 cells with Sac1/ARFGAP1 siRNA, control/ARFGAP1 siRNA, or control siRNA for 2 days and then infected them with Jc1FLAG2(p7-nsGluc2A). At days 3, 4, and 5 postinfection, HCV replication was measured by Gaussia luciferase activity normalized by cellular ATP level. Relative reduction of HCV infection by Sac1/ARFGAP1 siRNA or control/ARFGAP1 siRNA was normalized to HCV infection treated with control siRNA. As shown in Fig. 3G , knockdown of Sac1 partially rescued the reduction of viral replication by ARFGAP1 siRNA.
COPI is critical for PI4P production stimulated by NS5A. Since the COPI cargo Sac1 was involved in HCV replication and the depletion of cellular PI4P, we speculated that the COPI pathway is required for elevated levels of PI4P induced by HCV. To test this hypothesis, we quantified the level of PI4P in cells transfected with NS5A and treated with inhibitors of the COPI pathway, including the ARFGAP1 inhibitor QS11 (22), GBF1 inhibitor GCA (24) , and ARF1 inhibitor BFA (25) . We confirmed that PI4P levels were upregulated by NS5A in Huh 7.5.1 cells (Fig. 4A) . As shown in Fig. 4B , all three inhibitors reduced PI4P synthesis stimulated by NS5A. Next, we knocked down COPI components using siRNAs against ARFGAP1, GBF1, or ARF1 and confirmed that all three COPI-related proteins were required for PI4P induction by NS5A (Fig. 4C) . These data suggested that the COPI pathway is crucial for PI4P generation induced by NS5A.
NS5A interacts with ARFGAP1. Since Sac1 inhibited HCV replication, we wondered whether HCV evolved a counterdefense strategy to suppress Sac1 function, such as interfering with the ARFGAP1-mediated sorting of Sac1 into COPI vesicles. To screen the HCV protein(s) associated with ARFGAP1, we expressed individual FLAG-tagged HCV proteins and assessed the colocalization of endogenous ARFGAP1 with each viral protein. We found that ARFGAP1 partially colocalized with NS5A (data not shown). To confirm the colocalization of ARFGAP1 and NS5A, we transfected plasmids expressing NS5A-FLAG and ARFGAP1-Myc to Huh 7.5.1 cells and observed a nice overlapping signal (yellow) of two proteins (Fig. 5A) .
Next, we performed GST pulldown experiments using either GST or GST-ARFGAP1 to detect the interaction between NS5A and ARFGAP1. NS5A was pulled down by GST-ARFGAP1, whereas the GST control was unable to interact with NS5A in both 293T cells (Fig. 5B) and Huh 7.5.1 cells (Fig. 5C) . The interaction between NS5A and ARFGAP1 was tested with coimmunoprecipitation experiments. FLAG-tagged NS5A or control vectors were transfected into 293T cells. Cells were lysed, and the soluble cytosolic supernatants were incubated with anti-FLAG-Sepharose. ARFGAP1 was detectable by immunoblotting only in samples with both proteins (NS5A-FLAG and ARFGAP1) (Fig. 5D) . We also confirmed that the interaction between NS5A and ARFGAP1 was validated in Huh 7.5.1 cells (Fig. 5E) . To show the interaction of NS5A and ARFGAP1 in viral infection conditions, JFH1-infected Huh 7.5.1 cells were lysed, and the soluble cytosolic supernatants were incubated with rabbit anti-ARFGAP1 or control rabbit IgG. Endogenous NS5A was detectable by immunoblotting only in samples incubated with anti-ARFGAP1 (Fig. 5F) . We also performed an additional experiment in which anti-NS5A is used for immunoprecipitation to confirm that the interaction between NS5A and ARFGAP1 was validated in Jc1-infected Huh 7.5.1 cells (Fig. 5G) . Taken together, these results demonstrated the existence of a protein complex consisting of NS5A and ARFGAP1.
A tetraarginine motif in NS5A is critical for PI4P induction. Next, we tested different truncated constructs of NS5A for their binding capacity to ARFGAP1 using the GST pulldown assay. A series of GST fusion proteins were designed, including residues 35 to 215, 35 to 341, or 353 to 444 of NS5A. We chose the fragments of NS5A from JFH1 according to reference 26. Domain I of NS5A is from aa 35 to 215 and domain II of NS5A is from aa 248 to 341. Domain III of NS5A starts at aa 353. Endogenous ARFGAP1 was retained only on GST-NS5A containing the C-terminal fragment (residues 353 to 444) (Fig. 6A) . In contrast, residues 35 to 341 of NS5A completely failed to pull down ARFGAP1 (Fig. 6A) . These results indicate that residues 353 to 444 of NS5A are sufficient for interaction with ARFGAP1.
We noted a cluster of positively charged amino acids in NS5A, including residues R353, R354, R355, and R356. Aligning the sequences of NS5A from multiple HCV genotypes revealed that this cluster of basic amino acids with various combinations of lysine and arginine is a highly conserved feature of NS5A (Fig. 6B) . Because KK or RR is a signature COPI binding motif (27) , we evaluated the binding affinity of ARFGAP1 to the C-terminal fragment of NS5A that was triple-arginine truncated (356 to 444). As shown in Fig. 6A , deletion of RRR significantly reduced the affinity of NS5A to ARFGAP1 in the GST pulldown assay, suggesting that the positively charged amino acid motif of NS5A could be recognized by ARFGAP1 in vitro. Next we tested whether the tetraarginine motif in NS5A is required for association with ARFGAP1 in vivo. To this end, we constructed the NS5AR/A-FLAG mutant, wherein the tetraarginine motif was replaced by tetraalanine, and found that the expression level of NS5AR/A-FLAG was much less than that of NS5AR/ S-FLAG when we transfected the same amount of each plasmid to the cells (Fig. 6C) . To solve this issue, we constructed the NS5AR/ S-FLAG mutant, wherein the tetraarginine motif was replaced by tetraserine, and verified that the expression levels of the two plasmids are the same (Fig. 6C) . As shown in Fig. 6D , NS5AR/S failed to bind ARFGAP1, which provided further evidence that the cluster of positively charged amino acids in NS5A is critical for the interaction between NS5A and ARFGAP1.
The results given above identified a specific interaction between NS5A and ARFGAP1, providing an opportunity to dissect the role of the COPI pathway in PI4P induction by NS5A. Therefore, we tested the stimulation of PI4P synthesis by the NS5A mutant NS5AR/S compared to that of the NS5AWT. Huh 7.5.1 or BFA (2 g/ml) for 6 h. The cells were stained with the indicated antibodies. The relative level of PI4P in the cells was analyzed using Volocity. Scale bar, 10 m. Data were collected from at least 20 cells for each condition and represent the averages Ϯ SEM. ***, P Ͻ 0.0001. (C) Huh 7.5.1 cells were treated with siRNA control or siRNA against ARFGAP1, GBF1, and ARF1 for 72 h and followed by NS5A-FLAG transfection for 24 h. The cells were stained with the indicated antibodies. Relative levels of PI4P in the cells were analyzed using Volocity. Scale bar, 10 m. Data were collected from at least 20 cells for each condition and represent the averages Ϯ SEM. **, P Ͻ 0.001; ***, P Ͻ 0.0001. cells were transfected with NS5AWT or NS5AR/S expression vectors. The number of cells with a high level of PI4P as defined by strong PI4P staining decreased in NS5AR/S-transfected cells compared to that in NS5AWT-transfected cells (Fig. 6E and F) , suggesting that the tetraarginine motif in NS5A is critical for PI4P induction.
The tetraarginine motif in NS5A is critical for HCV replication. To determine whether the tetraarginine motif of NS5A is important for HCV replication, we generated a mutant JFH1R/S by replacing the tetraarginine with tetraserine. After in vitro transcription and electroporation of viral RNA into Huh 7.5.1 cells, we measured both positive-and negative-strand RNA levels of JFH1 by qPCR. As shown in Fig. 7A , viral negative-strand RNA levels of JFH1R/S were reduced by 70% compared with those of wild-type JFH1, and viral positive-strand RNA levels of JFH1R/S were reduced by 64% compared with those of the wild-type JFH1 strand. HCV NS5A protein levels were also reduced in JFH1R/S compared with those in JFH1 (Fig. 7B) . We also generated a pJc1FLAG2(p7-nsGluc2A)R/S mutant which contains the R/S mutation in NS5A. After in vitro transcription and electroporation of viral RNA into Huh 7.5.1 cells, we assessed the viral replication by Gaussia luciferase activity normalized by cellular ATP level. As shown in Fig. 7C , viral replication of Jc1R/S was reduced compared with that of wild-type Jc1. These data suggested that the tetraarginine motif of NS5A is critical for HCV replication.
Next we tested whether the replication of the R/S mutant could be restored upon knockdown of Sac1. We treated Huh 7.5.1 cells with Sac1 siRNA or control siRNA for 2 days and then electropo- rated in vitro transcription viral RNA into Huh 7.5.1 cells. The effect of Sac1 silencing was weaker on Jc1R/S than on Jc1 (Fig. 7D) .
DISCUSSION
In mammalian cells, the homeostasis of PI4P is maintained by PI4 kinases and phosphatases. While extensive studies have been focused on the regulation of PI4 kinases by HCV, little is known about whether HCV manipulates the host PI4P phosphatase Sac1. Here, we demonstrate that Sac1 inhibits HCV replication while HCV evolved strategies to subvert the antiviral defense of Sac1. HCV-encoded protein NS5A could regulate ARFGAP1 to maintain the PI4P-enriched viral replication microenvironment in favor of HCV replication.
Although a high level of intracellular PI4P has been demon- strated to be an essential step for HCV replication (4-8, 11, 28, 29) , the role of the host transport pathway involved in maintaining PI4P remains unclear. The upregulation of the PI4P level is abolished when the COPI pathway is inhibited ( Fig. 4B and C) , confirming that COPI machinery is critical for PI4P regulation possibly through regulation of PI4P phosphatase Sac1. COPI-related proteins are required for the replication of several viruses, including vaccinia virus (19) , vesicular stomatitis virus (VSV) (30) , and poliovirus (31, 32) . The first line of evidence demonstrating a role for COPI in HCV came from a functional genome-wide siRNA screen. The coatomer was initially identified as a host factor for HCV (12) . Later, regulators of COPI activity, ARF1 and GBF1, were also found to be critical for HCV replication (11, 13, 14) . A major question that has not been conclusively resolved is the mechanism underlying the regulation of HCV infection by COPI-dependent transport. Here, we demonstrate that ARFGAP1, GBF1, and ARF1 are crucial for a high level of PI4P induced by NS5A. The viral NS5A protein recruits ARFGAP1 to maintain a considerable PI4P level in favor of HCV replication, which at least partially explains the participation of the COPI pathway during HCV replication.
Our data demonstrate that the COPI component ARFGAP1 interacts with the virus-encoded protein NS5A (Fig. 5) , which stimulates PI4P synthesis at the membranous web for virus replication. Meanwhile, we demonstrate that Sac1 is a COPI cargo recognized by ARFGAP1 (Fig. 3A and B) . Thus, during HCV infection, NS5A provides dual function to manipulate the PI4P metabolism: recruiting PI4 kinases to promote PI4P synthesis at the site of virus replication and recruiting ARFGAP1 to displace the PI4P phosphatase to slow the turnover rate of PI4P.
Domain III of NS5A is thought to be dispensable for RNA replication (33) . There are different start positions for domain III of NS5A, such as aa 356 (34), aa 355 (35), aa 353 (26), or aa 352 (36) . The tetraarginine motif we identified in this study locates from aa 352 to aa 355. We generated two mutant viruses by replacing the tetraarginine with tetraserine and showed that the tetraarginine motif from aa 352 to aa 355 is important for HCV RNA replication.
We identified the tetraarginine motif in NS5A that is required for ARFGAP1 binding, induction of PI4P, and viral replication ( Fig. 6 and 7) . Moreover, this motif of positively charged amino acids (R or K) is highly conserved in all known genotypes of HCV (Fig. 6B) , suggesting a high selection pressure on the COPI-NS5A interaction during HCV replication, probably involving the maintenance of high levels of PI4P.
In summary, HCV exploits the host COPI pathway to achieve efficient viral replication. Sac1 is a negative regulator for HCV replication, whereas ARFGAP1 exerts a positive effect by removing Sac1. During HCV infection, through interaction with ARFGAP1, NS5A could remove Sac1 from the membranous web to maintain high levels of PI4P. Our results not only expand our understanding of how viruses exploit the COPI pathway but also shed new insights into the regulation of PI4P by HCV and suggest possibly new avenues for HCV therapeutics targeting the COPI pathway.
